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Neutral current single pion production induced by neutrinos and antineutrinos on nucleon tar-
gets has been investigated in manifestly relativistic baryon chiral perturbation theory with explicit
∆(1232) degrees of freedom up to O(p3). At low energies, where chiral perturbation theory is ap-
plicable, the total cross sections for the different reaction channels exhibit a sizable non-resonant
contribution, which is not present in event generators of broad use in neutrino oscillation and cross
section experiments such as GENIE and NuWro.
I. INTRODUCTION
In recent years, more precise measurements of neutrino
cross sections have been achieved, and more experiments
are still ongoing or planned to enrich the wealth of data
for a better determination of the mechanisms of neu-
trino interactions with matter (see for instance Ref. [1]
and references therein). A better understanding of neu-
trino interactions with nucleons and nuclei is of particu-
lar importance to achieve the precision goals of modern
neutrino-oscillation experiments [2, 3].
Neutrino- and antineutrino-induced single pion pro-
duction are among the dominant contributions to the
inclusive (anti)neutrino-nucleus cross section in the rel-
evant energy regime of several experiments. In particu-
lar, neutral current (NC) pi0 production can mimic the
electron-like signal in νµ → νe (ν¯µ → ν¯e) measurements.
Currently, uncertainties at the 20 − 30% level have to
be considered for single pion production in the analyses
of oscillation experiments, owing to the conflict between
data sets and models [4]. Single pion production off the
nucleon, as a fundamental ingredient of the correspond-
ing process on nuclei should be investigated.
Weak single pion production off the nucleon has been
extensively studied at intermediate energies with vari-
ous phenomenological models. Models accounting for the
∆(1232) resonance and higher nucleon excitations have
been developed [5–20], with some studies specifically ad-
dressing the NC case [21, 22]. In addition to nucleon ex-
citation, most of these models incorporate non-resonant
amplitudes with form factors in the vertices.
Recently, a well founded low-energy model for charged-
current (CC) weak single pion production off the nucleon
has been developed in Ref. [23] on the basis of covari-
ant baryon chiral perturbation theory (ChPT) [24–28].
The study has been systematically performed up to chi-
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ral order O(p3), where loop diagrams are present. The
extended-on-mass-shell (EOMS) scheme [29] was adopted
to remedy the power counting breaking of ChPT in the
presence of baryons [30]. The EOMS scheme has been ex-
tensively used in various studies of baryonic phenomenol-
ogy, see e.g. Refs. [31–38], even beyond the low-energy
region [39].1 Furthermore, the ∆ resonance was explicitly
included according to the δ-counting rule from Ref. [43].
In this letter, we extend the study to the neutral-
current reactions. For this purpose, new isoscalar am-
plitudes, not present in the CC case and involving three
distinctive low-energy constants (LECs), need to be com-
puted. Following a general description of the electroweak
amplitude for NC weak pion production on the nucleon,
the external currents and the relevant terms of the chi-
ral Lagrangian are introduced. The calculation of the
hadronic matrix elements is then briefly described. Nu-
merical results for integrated cross sections at low ener-
gies are presented in comparison to the output of neutrino
event generators and phenomenological models.
II. NEUTRAL-CURRENT SINGLE PION
PRODUCTION
Neutrino-induced single-pion production off the nu-
cleon is represented by
ν(k1) +N(p1)→ ν(k2) +N ′(p2) + pib(q) , (1)
with the four momenta of all particles indicated in paren-
thesis; b denotes the pion isospin index. In the standard
model, this process is mediated by the vector Z-boson,
propagating with mass MZ and transferred momentum
squared t1 = (k1 − k2)2. Under the one-boson exchange
1 The heavy-baryon approach has also proved to be adequate for
pion production off the nucleon induced by vector, see, e.g.,
Refs. [40, 41], and also axial [23, 42] currents, at least very close
to threshold.
ar
X
iv
:1
90
1.
00
77
3v
2 
 [h
ep
-p
h]
  3
 Ju
n 2
01
9
2approximation and in the limit of t1 M2Z , the Lorentz-
invariant amplitude is cast as
T = GF√
2
[
u¯(k2)γα(1− γ5)u(k1)
]〈pibN ′|J α(0)|N〉, (2)
where GF = 1.166× 10−5 GeV−2 is the Fermi constant.
The factor in square brackets is the leptonic current,
while the one after is the neutral current hadronic matrix
element. Its isospin structure has the form
〈pibN ′|Jα(0)|N〉 = χ†f
[
δb3H+α + i
b3cτ cH−α + τ
bH0α
]
χi .
Here τ b denotes a Pauli matrix; χi,f are isospinors of
the initial and final nucleons. H±α stand for the isospin
even/odd amplitudes, responsible for the isovector part of
the NC. Likewise, H0α is the isoscalar amplitude. These
isospin amplitudes are often further recast in terms of
Lorentz vector (Vα) and axial-vector (Aα) amplitudes,
as
H±α =
(
1− 2 sin2 θW
)
V ±α −A±α ,
H0α =
(− 2 sin2 θW )V 0α , (3)
with sin θW ' 0.464, being the sine of the weak angle
θW . Isospin symmetry implies that V
±
α and A
±
α are also
present in the corresponding CC reactions2. Hadronic
amplitudes for all the physical processes can be obtained
from the isospin ones H±,0α via
Hα(νp→ νppi0) = H+α +H0α ,
Hα(νn→ νnpi0) = H+α −H0α ,
Hα(νn→ νppi−) =
√
2(H0α −H−α ) ,
Hα(νp→ νnpi+) =
√
2(H0α +H
−
α ) . (4)
For the antineutrino-induced reactions, one just needs
to substitute ν → ν¯ in Eqs (1) and (4) and, correspond-
ingly, u(k1)→ v(k2), u¯(k2)→ v¯(k1) in Eq. (2).
III. HADRONIC AMPLITUDES FROM CHPT
We proceed by deriving the hadronic amplitudes in
ChPT, aiming at a systematic description of NC weak
pion production at low energies. In Ref. [23], the CC sin-
gle pion production has been studied in covariant ChPT
with explicit ∆ resonances up to O(p3). The same frame-
work therein can be extended to the NC case; the chiral
Lagrangian should be now coupled to the following ex-
ternal fields:
lµ =
(
gW
2 cos θW
)
(−2 cos2 θW )Zµ τ
3
2
, (5)
rµ =
(
gW
2 cos θW
)
(2 sin2 θW )Zµ
τ3
2
, (6)
2 Namely, in the CC case the amplitudes H
±(CC)
α defined by
Eq. (8) of Ref. [23] are given by H
±(CC)
α =
√
2(V ±α −A±α ).
vsµ =
(
gW
2 cos θW
)
sin2 θWZµ 12×2 , (7)
with gW the weak coupling constant. The common fac-
tor gW /(2 cos θW ) is factorized from H
±,0
α and, combined
with an identical factor from the leptonic vertex, written
in terms of GF in Eq. (2). Left and right fields contribute
to H±α which, in practice, can be directly taken from the
CC calculation of Ref. [23] thanks to isospin symmetry, as
explained in the previous section. The additional terms
in the chiral Lagrangian required for the NC calculation
up to O(p3) are
L(1)piN ⊃ Ψ¯NγµvsµΨN , (8)
L(2)piN ⊃ Ψ¯N
1
4m
(c6 + 2c7) v
s
µνσ
µνΨN , (9)
L(3)piN ⊃ Ψ¯N
[
2d7
m
i[Dµ, vsµν ]D
ν
+
2d9
m
iµναβvsµνuαDβ + h.c.
]
ΨN , (10)
where vsµν = ∂µv
s
ν − ∂νvsµ; ΨN = (p, n)T represents the
nucleon doublet and m is the nucleon mass in the chiral
limit. Here the parameters c7, d7 and d9 are additional
LECs which do not appear in CC production reactions.
The above Lagrangian terms are extracted from Ref. [44]
by singling out the isoscalar current. For this purpose,
the current tensor F+µν and the covariant derivative Dµ
in that paper have been split as follows:
F+µν = h
+
µντ
3 + 2vsµν , (11)
DµΨN = (∂µ + Γµ − ivsµ)ΨN , (12)
where the isovector piece h+µντ
3 is constructed from lµ
and rµ in Eqs. (5) and (6). We refer the readers to
Ref. [44] for the explicit expressions of the chiral blocks.
The calculation of H0α can be readily carried out fol-
lowing the procedure demonstrated in detail in Ref. [23]
and using the same topologies of Feynman diagrams. We
apply the δ-counting rule [43] due to the inclusion of
explicit ∆ resonances and the low energies considered.
Like in the CC case, the obtained analytical expressions
are too lengthy to be displayed explicitly here. They
are available from the authors upon request. We have
checked that all the ultraviolet (UV) divergences and
power counting breaking (PCB) terms in loops can be
properly canceled by the LECs in the chiral Lagrangians.
Interestingly, it turns out that the sum of the isoscalar
loop amplitudes does not suffer from UV divergences, in-
dicating that the β functions for the new LECs c7, d7
and d9 are equal to zero. Namely,
X = Xr , X ∈ {c7, d7, d9} , (13)
where Xr are the UV-renormalized counterparts for the
parameters X. In order to remove the PCB terms one
3has to further make the finite shift 3
cr7 = c˜7 +
g2m2
4pi2F 2
, (14)
where X˜ are the EOMS-renormalized LECs; g and F
denote the axial coupling and pion decay constant in the
chiral limit, respectively. Obviously, at O(p3), d7 and d9
are untouched by the cancellation of the PCB terms and
hence Xr = X˜ for X ∈ {d7, d9}. All the other LECs are
renormalized as described in section III.D of Ref. [23].
IV. TOTAL CROSS SECTION AND
NUMERICAL RESULTS
In the center-of-mass (CM) frame of the initial
(anti)neutrino-nucleon pair, the total cross section takes
the form
σ(s) =
1
2(4pi)4
√
s |k1|
∫ ω+ν
ω−ν
dων
∫ ω+pi
ω−pi
dωpi
∫ +1
−1
dx1
×
∫ 2pi
0
dφ12 |T |2 , (15)
where s ≡ (k1 + p1)2, x1 ≡ cos θ1, with θ1 the angle
between ~k1 and ~k2; φ12 is the angle between the ~k1 ∧ ~k2
plane and the ~k2 ∧ ~q plane (see Figure 1 of Ref. [23] for
clarification). Furthermore, ων and ωpi are the energies of
the outgoing (anti)neutrino and pion, respectively. Their
kinematic limits are given by
ω−ν = 0 , ω
+
ν =
(
√
s−Mpi)2 −m2N
2(
√
s−Mpi) , (16)
ω±pi =
(
√
s− ων)∆+s ± ων
√
(∆−s )2 − 4M2pim2N
2(s− 2ων
√
s)
, (17)
with ∆±s = s − 2ων
√
s ±M2pi −m2N , where Mpi and mN
are the physical masses of the pion and the nucleon, re-
spectively. Finally, the unpolarized Lorentz-invariant T -
matrix squared can be written as
|T |2 = G
2
F
2
LαβHαβ , (18)
with the leptonic tensor (0123 = −1),
Lαβ = 8[k1,αk2,β + k1,βk2,α − gαβk1 · k2 ± iαβρσkρ1kσ2 ] .
The plus (minus) sign corresponds to the neutrino-
(antineutrino-) induced reactions, respectively. In terms
of the hadronic amplitudes Hα introduced in Sec. II, the
hadronic tensor reads
Hαβ =
1
2
Tr
[
(/p1 +mN )H˜α(/p2 +mN )Hβ
]
, (19)
3 For c6, also present in the CC case [23], the shift is cr6 = c˜6 −
5g2m2
16pi2F2
.
where H˜α = γ0H
†
αγ0.
In our numerical computation, the values of those pa-
rameters common to both CC and NC pion production
are assigned as in Ref. [23]. The extra LECs present in
the NC case are fixed as follows:4 c7 ' (−2.68 ± 0.08),
d7 = −0.49 GeV−2 and d9 = (0 ± 1) GeV−2. More
specifically, c7 is determined using the empirical values of
the anomalous magnetic moments of the proton (κp) and
the neutron (κn) [45, 46], while the error is a rough es-
timate of higher-order contributions based on the results
of Ref. [45]. The value of d7 is extracted from the pro-
ton and neutron electromagnetic radii in Ref. [47].5 For
the LEC d9 there is no determination using the present
framework. Therefore, it has been set to a natural value,
which is a reasonable estimate only when the ∆ resonance
is explicitly taken into account, as in this study.
In Fig. 1, total cross sections for all the physical NC
single pion production channels are displayed as a func-
tion of Eν , the energy of the incoming (anti)neutrino in
the laboratory frame. As in the CC case [23], our chi-
ral predictions for the NC cross sections are expected
to be reliable up to the neutrino energy Eν,ChPT ∼
Eν,th + Mpi ' 283 MeV, where the threshold energy
Eν,th = Mpi + M
2
pi/(2mN ) ' 149.3 MeV. This energy
interval (Eν,th, Eν,th + Mpi) is relatively far away from
E∆ν ' 338.8 MeV, at which the final piN system starts
reaching the ∆ pole, so that the adopted δ-counting rule
is appropriate. Although of higher order, the ∆-width
has been incorporated in the ∆ propagator as in Eq. (A4)
of Ref. [23]. This allows to extend the results smoothly to
higher energies with minor impact on the cross sections in
the energy region we are concerned with. The green and
blue bands in the curves of Fig. 1 denote the statistical
uncertainties propagated from the errors of the involved
LECs. The uncertainty due to the missing higher-order
terms in the chiral expansion has been estimated using
the method proposed in Refs. [50, 51]. This error has
been added in quadrature to the one propagated from
the uncertainties in the LECs. Its effects are small. The
full errors (statistical+higher order) for the total cross
sections are represented by the magenta-hatched bands
in Fig. 1.
For comparison, we also show the total cross sections
produced by the NuWro [48] and GENIE [49] neutrino
Monte Carlo generators. It can be observed from Fig. 1
that both the NuWro and GENIE results agree with the
ChPT ones with only the ∆ contribution. However, they
underestimate the full ChPT predictions. The later re-
veal a sizable non-resonant contribution close to thresh-
old, which is not accounted by the event generators.
4 The c7 used here is related to the cBBS6 and c
BBS
7 in Ref. [45]
by c7 = mN (c
BBS
7 − 2 cBBS6 ), where the superscripts ’BBS’ have
been added for the sake of clarity.
5 Likewise, since d6 is also present in the NC case, we employ
d6 = −0.70 GeV−2 from Ref. [47] although it was previously let
undetermined and set to a natural size for CC pion production
in Ref. [23].
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FIG. 1. Cross sections for neutral-current weak pion production off the nucleon as a function of the Laboratory neutrino
energy. The solid line represents the full O(p3) ChPT prediction, while the dashed line stands for the ChPT result obtained
with ∆-exchange contributions alone. Our ChPT calculation is expected to be reliable up to the energy marked by the vertical
green line. The vertical blue line at a higher energy indicates the energy at which the ∆ pole starts to be reached. The
magenta-hatched bands in the full results denote the total uncertainties from both higher-order truncation and LECs, while the
green and blue bands account for 1σ uncertainties propagated from the errors of the LECs. For comparison, results produced
by the HNV model [11], NuWro [48] and GENIE [49] Monte Carlo generators are also shown by dots, crosses and hollow
diamonds, respectively.
Furthermore, we confront our results with a theoretical
model proposed in Ref. [11] and improved in Refs. [52–
54], as described in Ref. [55]. In that model, denoted
as HNV in Fig. 1, on top of some resonances, the chi-
ral non-resonant terms at lowest order are considered,
which leads to larger cross sections than in the NuWro
and GENIE codes. On the other hand, our systematic
ChPT calculation up toO(p3) contains additional higher-
order terms of O(p2) and O(p3), as well as loops. The
HNV model only partially and phenomenologically ac-
counts for higher-order contribution through empirical
form factors and Watson phases. The O(p3) ChPT cal-
culation produces considerably larger cross sections with
respect to the HNV model in all reaction channels, with
the closest accord found for ν¯n→ ν¯ppi−. Similar conclu-
sions are expected in the comparison to the dynamical
coupled-channel model of Refs. [17, 56, 57] since their re-
sults are in good agreement with the HNV model at low
energies, as pointed out in Ref. [55].
5V. SUMMARY
We have studied neutral-current weak pion production
off the nucleon in covariant ChPT with explicit ∆(1232)
up to O(p3) following the δ-counting rule. The ampli-
tudes have been renormalized using the EOMS scheme.
Three new LECs not present in the CC case are now re-
quired. By setting the LECs either to values determined
elsewhere within the same scheme or, otherwise, to nat-
ural values, we have predicted the cross sections for all
the eight physical processes induced by neutrinos or an-
tineutrinos. In the incoming-neutrino energy interval in
which the calculation is expected to be valid, our predic-
tions for the ∆ excitation mechanism conform well with
the corresponding output from the widely used NuWro
and GENIE neutrino event generators. However, for all
the channels the full ChPT results are significantly larger
due to the systematic and model-independent inclusion
of non-resonant terms. This observation implies that a
precise description of low-energy weak pion production
requires a realistic account of non-resonant amplitudes.
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